A survey to obtain potential antagonists of pome fruit tree diseases yielded two yellow epiphytic bacterial isolates morphologically similar to Pantoea agglomerans, but showing no biocontrol activity. Whole-cell MALDI-TOF mass spectrometry and analysis of 16S rRNA gene and gyrB sequences suggested the possibility of a novel species with a phylogenetic position in either the genus Pantoea or the genus Erwinia. Multi-locus sequence analysis (MLSA) placed the two strains in the genus Erwinia and supported their classification as a novel species. The strains showed general phenotypic characteristics typical of this genus and results of DNA-DNA hybridizations confirmed that they represent a single novel species. Both strains showed a DNA G+C content, as determined by HPLC, of 54.5 mol% and could be discriminated from phylogenetically related species of the genus Erwinia by their ability to utilize potassium gluconate, potassium 2-ketogluconate, maltose, melibiose and raffinose. Whole-genome sequencing of strain EM595 T revealed the presence of a chromosomal carotenoid biosynthesis gene cluster similar to those found in species of the genera Cronobacter and Pantoea that explains the pigmentation of the strain, which is atypical for the genus Erwinia. Additional strains belonging to the same species were recovered from different plant hosts in three different continents, revealing the cosmopolitan nature of this epiphyte. Abbreviations: MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight; MLSA, multi-locus sequence analysis.
A survey to obtain potential antagonists of pome fruit tree diseases yielded two yellow epiphytic bacterial isolates morphologically similar to Pantoea agglomerans, but showing no biocontrol activity. Whole-cell MALDI-TOF mass spectrometry and analysis of 16S rRNA gene and gyrB sequences suggested the possibility of a novel species with a phylogenetic position in either the genus Pantoea or the genus Erwinia. Multi-locus sequence analysis (MLSA) placed the two strains in the genus Erwinia and supported their classification as a novel species. The strains showed general phenotypic characteristics typical of this genus and results of DNA-DNA hybridizations confirmed that they represent a single novel species. Both strains showed a DNA G+C content, as determined by HPLC, of 54.5 mol% and could be discriminated from phylogenetically related species of the genus Erwinia by their ability to utilize potassium gluconate, potassium 2-ketogluconate, maltose, melibiose and raffinose. Whole-genome sequencing of strain EM595 T revealed the presence of a chromosomal carotenoid biosynthesis gene cluster similar to those found in species of the genera Cronobacter and Pantoea that explains the pigmentation of the strain, which is atypical for the genus Erwinia. Additional strains belonging to the same species were recovered from different plant hosts in three different continents, revealing the cosmopolitan nature of this epiphyte. The name Erwinia gerundensis sp. nov. is proposed, with EM595 T (5LMG 28990 T 5CCOS 903 T ) as the designated type strain.
Gram-negative, non-spore-forming, facultatively anaerobic, rod-shaped bacteria isolated from plant environments have been traditionally classified into the genus Erwinia (Winslow et al., 1917) . At the time of writing, 35 species of the genus Erwinia are included in the list of prokaryotic names with standing in nomenclature (LPSN, http://www. bacterio.net/), but 19 have been reclassified to other genera. The taxonomic complexity of the original genus Erwinia was demonstrated in a plethora of successive studies based on polyphasic approaches that included microbiological analysis, fatty acid methyl ester and biochemical profiling, DNA-DNA hybridization and nucleic acids sequencing, resulting in several species reassignments and the creation of the new genera Pantoea, Brenneria, Pectobacterium, Dickeya and Lonsdalea (Brady et al., 2010 (Brady et al., , 2012 Gavini et al., 1989; Hauben et al., 1998; Samson et al., 2005) . Multi-locus sequence analysis (MLSA) shows that the genus Erwinia is currently monophyletic for 17 accepted species, the majority of which are plant pathogens (Erwinia amylovora, E. pyrifoliae, E. piriflorinigrans, E. uzenensis, E. mallotivora, E. papayae, E. persicina, E. psidii, E. rhapontici and E. tracheiphila) (Hauben & Swings, 2005; Ló pez et al., 2011; Matsuura et al., 2012) . However, the genus also encompasses epiphytes (E. billingiae and E. tasmaniensis) (Geider et al., 2006; Mergaert et al., 1999) , species that may contribute to plant disease as part of multi-species microbial communities (E. toletana and E. oleae) (Buonaurio et al., 2015) , and insect-associated bacteria (E. aphidicola, E. typographi and E. iniecta) (Campillo et al., 2015; Harada et al., 1997; Skrodenytė-Arbačiauskienė et al., 2012) .
During surveys to discover potential antagonists of fungal and bacterial pathogens of fruit trees, bacteria were isolated from different plant species in Catalonia (Spain) (Montesinos et al., 1996) . Over 200 isolates were tentatively identified as Pantoea agglomerans, an epiphytic species related to Erwinia in which several strains display outstanding biocontrol activity. In vitro activity against four apple and pear pathogens and biocontrol efficacy of fruit rot (Bonaterra et al., 2003a; Francés et al., 2006) and brown spot of pear (Montesinos et al., 1996) , as well as growth promotion of Prunus rootstocks, were tested (Bonaterra et al., 2003b) . Using a combined approach including gene sequencing and whole-cell matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis, several isolates without relevant biocontrol activity were excluded from P. agglomerans (Rezzonico et al., , 2009 . Among these, strains EM595 T and EM486 were found to form a separate clade with a phylogenetic position close to the genera Pantoea and Erwinia suggesting the possibility of a novel species. Both strains were selected for further investigation.
Genomic DNA was extracted from strains EM595
T and EM486 as previously described (Niemann et al., 1997) . Amplification of the 16S rRNA gene was performed with the conserved primers 16S-27F (59-AGAGTTTGATCCTGGCTCAG-39) and 16S-1541R (59-AAGGAGGTGATCCAGCCGCA-39) (Lane, 1991) . Purification of the amplification products was done with the NucleoFast 96 PCR Clean-up kit (MachereyNagel). Sequencing reactions were performed with the internal primers listed by Coenye et al. (1999) , except that BKL1 (59-GTATTACCGCGGCTGCTGGCA-39) was used instead of PD. Sequencing reactions were performed using the BigDye Terminator Cycle Sequencing kit (Applied Biosystems), and purification of the sequencing reaction products was done using the BigDye XTerminatorT Purification kit (Applied Biosystems). Sequencing was performed using an ABI Prism 3130XL Genetic Analyzer (Applied Biosystems), and sequence assembly was done using the BioNumerics software (Applied Maths, Belgium).
Nearly complete 16S rRNA gene sequences (1494 nt) were obtained for strains EM595
T and EM486 and compared with sequences deposited in the GenBank database, using BLASTN. This analysis suggested that both strains might belong to the genus Pantoea. Using the BioNumerics software (Applied Maths), the 16S rRNA gene sequences of strains EM595
T and EM486 were compared with those of the type strains of the recognized species of the genus Pantoea, and of the related genera Erwinia, Tatumella and Phaseolibacter, collected from the GenBank database. Pairwise similarities were calculated using an open gap penalty of 100 % and a unit gap penalty of 0 %. Sequences were aligned against the SILVA bacteria database (http://www.arb-silva.de) using Mothur version 1.29.2 (Schloss et al., 2009) , and empty vertical columns were removed. A maximum-likelihood tree ( Fig. 1) was reconstructed using the MEGA 6 software package, and the statistical reliability of the tree topology was evaluated by bootstrap analysis (Felsenstein, 1985) . Strains EM595 T and EM486 showed 99.9 % 16S rRNA gene sequence similarity to each other and less than 98.7 % 16S rRNA gene sequence similarity to any of the type strains used in the comparison. The species P. agglomerans and Pantoea vagans were found as the closest relatives with 98.1 and 98.0 % pairwise 16S rRNA gene sequence similarity, respectively, with strain EM595 T . These similarity values suggested that both strains represent one novel species in the family Enterobacteriaceae. However, accurate allocation of the strains to the genus level could not be achieved as the genus Pantoea and the related genera Erwinia and Tatumella are not monophyletic when using 16S rRNA gene sequences (Fig. 1) .
The three genera, Erwinia, Pantoea and Tatumella, are monophyletic with respect to MLSA of concatenated partial atpD, gyrB, infB and rpoB gene sequences (Brady et al., 2008 (Brady et al., , 2009 Moretti et al., 2011) . Thus, to refine the taxonomic position of strains EM595
T and EM486, their partial sequences of the above-mentioned housekeeping genes were determined using the protocol of Brady et al. (2008) . Using the MEGA 6 software, concatenated atpD, gyrB, infB and rpoB sequences (2653 bp) were aligned and compared with the corresponding gene sequences of reference strains of species of the genera Pantoea, Erwinia and Tatumella retrieved from the GenBank database (Table S1, 
Pantoea conspicua LMG 24534 T (EU216737)
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Erwinia gerundensis EM486 (FJ611847)
Pantoea coffeiphila Ca08 (KJ427832) sequences was reconstructed ( Fig. 2) , as well as a maximum-likelihood tree based on the corresponding amino acid sequences (884 aa; Fig. S1 ). Both trees showed similar topologies and suggested classification of the strains EM595 T and EM486 in the genus Erwinia as a single novel species. Strains EM595 T and EM486 showed at least 99.7 % pairwise gene sequence similarity to each other (99.7 % for atpD, 99.9 % for gyrB, 100 % for infB and 99.8 % for rpoB), whereas the maximum sequence similarity of strain EM595
T with any of the strains used for comparison was 91.0 % for atpD (with E. piriflorinigrans CFBP 5888 T ), 89.8 % for gyrB (with Pantoea gaviniae A18/07 T ), 86.3 % for infB (with E. iniecta B120 T ) and 90.7 % for rpoB (with E. iniecta B120 T ).
Further support for the inclusion of strains EM595 T and EM486 in the genus Erwinia rather than in the genus Pantoea was found in their atpD sequences, which are, (like the atpD sequences of all Erwinia strains included in this study), 15 bp shorter in a more variable region with respect to all species of the genera Tatumella and Pantoea included in this study, except for the recently described 'Pantoea beijingensis' (Fig. S2) . However, the MLSA data from this study suggest that the latter species might be misclassified at the genus level as, on nucleotide basis, there is no bootstrap support for its position within the genus Pantoea (Fig. 2) , whereas the maximum-likelihood tree based on concatenated amino acid sequences places the species within the genus Erwinia (Fig. S1 ). Although this indel can be used as an additional marker to discriminate between species of the genera Erwinia and Pantoea, thus reducing the chance of misidentification at the genus level (Rezzonico et al., 2012a, b) , it must be noted that this peculiarity is not unique for species of the genus Erwinia as other members of the family Enterobacteriaceae also show this feature (data not shown).
To confirm whether strains EM595
T and EM486 constitute a single novel species, DNA-DNA hybridizations were performed. High-molecular mass DNA for DNA-DNA hybridization studies and DNA base composition determination was extracted using the method of Wilson (1987) , with minor modifications (Cleenwerck et al., 2002) . DNA-DNA hybridizations were performed with EM595
T , EM486 and the type strains of closely related species of the genera Pantoea and Erwinia using a modification (Cleenwerck et al., 2002; Goris et al., 1998) of the microplate method described by Ezaki et al. (1989) . The hybridization temperature was 44 8C. Reciprocal reactions (i.e. A6B and B6A) were performed, and their variation was within the limits of this method (Goris et al., 1998 T and EM486 represent a single novel species (Wayne et al., 1987) .
The DNA G+C content of strains EM595
T and EM486 was determined by HPLC (Mesbah et al., 1989 ) and found to be 54.5 mol% for both strains. This value is within the range reported for the genus Erwinia (Gardan et al., 2004; Geider et al., 2006; Hauben et al., 1998; Kim et al., 1999; Mergaert et al., 1999; Rojas et al., 2004) .
Strains EM595
T and EM486, along with E. uzenensis LMG 25843
T and E. piriflorinigrans LMG 26087 T , were subjected to API 50CHE tests (bioMérieux), according to the manufacturer's instructions. The results were compared with data of other Erwinia reference strains obtained in a previous study using the same conditions (Moretti et al., 2011) . For E. typographi DSM 22678
T and E. iniecta B120 T , data were taken from the literature (Campillo et al., 2015; Skrodenytė-Arbačiauskienė et al., 2012) . A dendrogram (Fig. S3) was reconstructed with the BioNumerics software using the unweighted pair-group method with arithmetic average (UPGMA) clustering algorithm after calculating the pattern similarity using Dice's coefficient (Dice, 1945) . This analysis supported the classification of strains EM595
T and EM486 in the genus Erwinia. The comparison also revealed that both strains could be differentiated from recognized species of the genus Erwinia on the basis of phenotypic characteristics, such as their ability to utilize gluconate, maltose, melibiose and raffinose. Table 1 lists a selected number of features that permit the differentiation.
The cellular fatty acid composition of strains EM595
T and EM486 was determined using an Agilent Technologies 6890N gas chromatograph. Cultivation of the strains, and extraction and analysis of the fatty acid methyl esters were performed according to the recommendations of the Microbial Identification System, Sherlock version 3.10 (MIDI). Extraction of the fatty acids was performed on cells harvested from the overlap between the second and third quadrant of cultures grown on trypticase soy agar (TSA) for 24 h at 28 8C. The peaks of the profiles were identified using the TSBA50 identification library version 5.0, and compared with profiles of type strains of species of the genus Erwinia generated under the same conditions, and available in an in-house BCCM/LMG database (Table S2 ). The major fatty acids (.5 %) of strains EM595
T and EM486 were summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH, 26.9-29.4 %), C 16 : 0 (22.5-23.9 %), C 18 : 1 v7c (12.4-15.2 %), summed feature 2 (iso-C 16 : 1 and/or C 14 : 0 3-OH, 13.6-14.3 %), C 12 : 0 (9.6-10.4 %) and C 17 : 0 cyclo (5.8-9.3 %). These fatty acid profiles are similar to those of type strains of members of the genus Erwinia Hypersensitive response assays were performed in a greenhouse on tobacco (Nicotiana tabacum cv. Xanthi) and pelargonium (Pelargonium hortorum) plants (Klement, 1963) . Plants were maintained in a controlled environment greenhouse at 25¡3 8C, 60¡10 % relative humidity and a 16 h photoperiod. Three hundred microlitres of bacterial suspensions (1610 8 viable bacteria ml
21
) were inoculated into the mesophylls of fully expanded upper leaves previously wounded with a needle. Up to six independent inoculations were carried out in a single leaf, and at least three independent inoculations were performed per bacterial suspension, randomly distributed in different leaves and plants. In either plant species, no hypersensitive response could be observed at 24 h or 72 h after inoculation.
The genome of strain EM595
T was sequenced using two runs of 454 GS-Junior sequencing, one of which was 8 kb paired end (203 061 reads, total 54 694 861 bases) and one shotgun library (191 706 reads, total 82 180 294 bases). The genome was assembled using Newbler version 2.5, and finished using Sanger sequencing and assembly in the DNASTAR Lasergene genomics package version 12 (DNASTAR), yielding a 3 775 020 bp circular chromosome (G+C content555.4 %) and two circular plasmids: pEM01 of 571 293 bp (G+C555.1 %) and pEM02 of 134 943 bp (G+C552.3 %). The mean coverage for the chromosome was 30.26, and for pEM01 and pEM02 was 26.56 and 14.36, respectively. The mean genome G+C content of strain EM595
T was found to be 55.3 %, based on its sequence, which is slightly higher than that determined by HPLC. Annotation was done using GenDB (Meyer et al., 2003) and manually refined. Comparative genomics using EDGAR software (Blom et al., 2009 ) was done against an in-house collection of private and public genomes of members of the genera Erwinia and Pantoea as described previously (Smits et al., 2010) .
Based on the gene content, pEM01 is a non-mobilizable IncF-type plasmid similar to the LPP-1 plasmids of species of the genus Pantoea (De Maayer et al., 2012) , with an important difference being that the LPP-1 crt(X)EYBZ carotenoid biosynthesis gene cluster is not located on this plasmid (see below). Plasmid pEM02 is an integrative conjugative elements ICE-based plasmid comparable to Erwinia plasmids pEB102 and pEI70 and shares several regions of the plasmid, mainly in the ICE-based backbone (Fig. S4) . Species: 1, Erwinia gerundensis sp. nov. EM595 T and EM486; 2, E. oleae (n55, where n is no. of strains); 3, E. psidii (n52); 4, E. mallotivora (n52);
5, E. papayae (n52); 6, E. typographi DSM 22678 T ; 7, E. amylovora NCPPB 3723; 8. E. pyrifoliae (n52); 9, E. tasmaniensis (n52); 10, E. uzenensis LMG 25843 T ; 11, E. piriflorinigrans LMG 26087 T ; 12. E. aphidicola LMG 24877 T ; 13, E. persicina (n53); 14, E. toletana (n54); 15, E. billingiae (n53); 16, E. rhapontici (n53); 17, E. tracheiphila (n52); 18. E. iniecta B120 T . The strains tested for each species are listed in Fig. S5 . Biochemical data for E. gerundensis, E. uzenensis and E. piriflorinigrans were inferred in this study, those of other Erwinia species were taken from the literature (Skrodenyte-Arbaciauskiene et al., 2012; Campillo et al., 2015; Moretti et al., 2011 A phylogenomic tree based on the core genomes of strain EM595 T and related members of the genera Erwinia and Pantoea (Fig. 3) was reconstructed using EDGAR software (Blom et al., 2009) . The topology of the tree was similar to that of the MLSA trees reconstructed using the maximumlikelihood method (Figs 2 and S1), with strain EM595 T clustering at the edge of the recognized Erwinia genus, not distant from the genus Pantoea (Fig. 3) . The marginal position of strain EM595
T within the genus Erwinia is confirmed by digital DNA-DNA hybridization that shows that all tested species of the genera Erwinia and Pantoea are approximately equally distant from strain EM595 T (Table S3 ).
The assumption that strains EM595 T and EM486 could constitute a novel species within the family Enterobacteriaceae was already raised in previous works addressing the diversity of isolates of the genus Pantoea (Rezzonico et al., , 2009 . Two Australian strains recovered from wheat plants (P8SAA and P10QLD) were also expected to belong to this novel species, based on gyrB sequence data (Rezzonico et al., 2009) . Based on the protein mass spectra of strains EM595
T and EM486 we utilized a two-step approach involving whole-cell MALDI-TOF MS and gyrB sequencing to analyse other isolates potentially clustering with strains EM595
T and EM486. Ten more strains originating from three different continents could be identified as members of the novel species (Table S4) , indicating the cosmopolitan nature of the species. The number of base substitutions per site was 0.006 for the partial gyrB sequence typically used for MLSA (Brady et al., 2008) , and the strains formed a tight cluster with EM595
T , EM486 and the two Australian Fig. 3 . Phylogenomic tree based on the core genomes of strain EM595 T and strains of related species of the genera Erwinia and Pantoea as determined by EDGAR (Blom et al., 2009) . The genome of Tatumella morbirosei LMG 23360 T was used as the outgroup. Due to the large size of the alignments, bootstrap values could not be calculated for the tree. Bar, 2 % nucleotide substitutions.
isolates P8SAA and P10QLD (Fig. S5) . Although the majority of the strains in our work were detected among epiphytic bacteria living on plants of the subfamily Amygdaloideae, this result may not be indicative of the preferred habitat of the species, but may be the outcome of a sampling bias, as most of the strains, except P8SA, P10Qld (Rezzonico et al., 2009 ) and 6-RJ-7B (Osman et al., 2008) , were isolated during surveys for fire blight or fire blight antagonists. Indications that the novel species may also be associated to cereals are suggested by a number of 16S rRNA gene sequences retrieved from the GenBank database that are closely related to that of strain EM595 T (Table S5 ).
All strains of the novel species produce a yellow pigment, which is atypical for species of the genus Erwinia (Hauben & Swings, 2005) , but common to nearly all species of the genus Pantoea (Grimont & Grimont, 2005) . In the latter genus, the zeaxanthine (diglucoside) biosynthesis gene cluster crtE(X)YIBZ is located on LPP-1, the large Pantoea plasmid 1 (De Maayer et al., 2012) . However, in strain EM595 T , the crt biosynthesis cluster is located on the chromosome and has, in comparison to species of the genus Pantoea, an additional gene, fni, encoding an isopentenyl diphosphate delta-isomerase (Fig. S6 ). This genetic setting is common to species of the genus Cronobacter (Johler et al., 2010) and was also found in the genomes of Pantoea sp. IMH (Tian & Jing, 2014) and Pantoea sp. PSNIH2 (Conlan et al., 2014) , two strains that appear to belong to the genus Erwinia based on core genome analysis (Fig. 3) . It is clear from this study that yellow pigmentation can no longer be considered as a discriminative feature between the genera Pantoea and Erwinia (Grimont & Grimont, 2005; Hauben & Swings, 2005) and needs to be complemented by additional phylogenetic analysis.
In conclusion, the genotypic and phenotypic data presented in this study demonstrate that strains EM595 T and EM486, and the additional twelve strains listed in Table  S4 , represent a novel species of the genus Erwinia., for which the name Erwinia gerundensis sp. nov. is proposed.
Description of Erwinia gerundensis sp. nov.
Erwinia erundensis [ge.rund.en9sis. N.L. fem. adj. gerundensis pertaining to Gerunda, the Latin name of the city of Girona (Spain), in which province the first strains were originally isolated].
Cells are Gram-negative, small straight rods, 0.5-1.3|1.0-3 mm, non-encapsulated, non-spore-forming and usually motile. Cells occur mostly alone, but may produce symplasmata. Colonies grown on nutrient agar (NA) are circular and firmly adhering to the agar, low convex and smooth with entire margins. Colonies are yellow-pigmented on NA, King's B and LB agar. Does not produce levans on sucrose agar, but secretes abundant fluid mucoid exopolysaccharides. The type strain is EM595
T (5LMG 28990 T 5CCOS 903 T ), isolated in La Tallada d'Empordà (Girona), Spain from leaves of pear (Pyrus communis) cv. Winter Nellis. The DNA G+C content of the type strain is 54.5 mol% as determined by high-performance liquid chromatography and 55.3 % based on the genome sequence. An additional strain of the species isolated in the same survey is EM486 (5LMG 289915CCOS 904) also with a DNA G+C content of 54.5 mol% (by HPLC).
